The micromechanical deformation of an austenitic stainless steel under uniaxial tension at elevated temperature (550 • C) following room temperature compression has been examined in this work. The study combines micromechanical finite element modelling and in-situ neutron diffraction measurements. Overall, good agreement has been achieved between the measured and simulated stress versus lattice strain response, when prestrain is accounted for. The results indicate that the introduction of prestrain can significantly influence subsequent microscale deformation and damage development associated with microplasticity and that an appropriate representation of strain history can improve the predictive accuracy at the microscale for a polycrystalline material.
Introduction
Austenitic stainless steels are commonly used for high temperature applications in nuclear and fossil fuel power plant. During service, stainless steel components carry high pressure stream and operate at temperatures ranging from ambient temperature (during a shut down) to elevated temperature (500-600
• C) for optimum plant output. An understanding of the effect of strain history on the material response is relevant to safety and structural integrity assessment of these materials [1, 2] , particularly in modern, flexible plant, which are subjected to multiple cycles. The development of a rigorous and accurate approach to lifetime prediction is therefore needed, taking into account recent significant advances in multi-scale experimental and computational techniques.
In-situ neutron diffraction (ND), which provides information non-destructively about atomic spacing in crystalline materials, has been widely used to characterise the elastic strain of differently oriented lattice planes for a range of engineering alloys . The measured in-situ lattice strain is typically presented as a function of the macroscopic stress which can be easily measured in a uniaxial test. A nonlinear relation is expected due to the presence of microplasticity leading to local inhomogeneity of stress and strain. Thus, the trend in nonlinearity may be used to identify the localisation mechanisms.
Complementary to the ND technique, crystal plasticity models have been used to predict the elastic (lattice) strain evolution within polycrystalline materials. A widely used approach to predict lattice strain is the self-consistent model [3-5, 16, 24] , aggregating single crystals in a mean field manner with an assumption of ellipsoidal grain geometry. Full field polycrystal models have been formulated using fast Fourier transform techniques for materials with periodic microstructure, which have been employed for lattice strain predictions (see, e.g., [25, 26] ). More commonly, finite element (FE) methods have been used to complement in-situ ND observations, with either simplified grain topology [7, 8, 12, 20, 22] or complex/realistic geometries [19, [27] [28] [29] [30] taken into account. As shown in a recent work [29] , an accurate prediction of lattice strain evolution can be achieved using a microstructure-based FE model for austenitic stainless steels. Thus, the use of in-situ ND measurements in conjunction with full-field models is a promising approach to quantify deformation mechanisms at the microscale in polycrystalline aggregates undergoing inelastic deformation.
From the viewpoint of mechanistic modelling, the localisation mechanisms of stress in a polycrystal typically depend on the anisotropy associated with elastic and plastic deformation and also on the macroscopic stress state [30] . In addition, local residual stress arising from prior deformation may affect the subsequent deformation [2] . In-situ ND measurements have been applied to materials severely deformed by rolling and extrusion [5, 31] in conjunction with self-consistent predictions. Due to the limitations of the self-consistent model, however, the effects of strain history were not quantified in these studies. Recently, the effect of strain path change [32] was investigated through in-situ ND measurement in conjunction with finite element crystal plasticity modelling at room temperature. However, an isotropic model was adopted in the simulations of [32] and kinematic hardening effects, arising from long-range internal stresses (or backstress), were omitted. In [33] it was found, in the context of a self consistent model, that under cyclic loading, the incorporation of the backstress improves the prediction of lattice strains. The current study extends previous studies at room temperature [18, 19, 29] , focusing on high temperature in-situ ND measurements in the presence of prestrain and using a micromechanical finite element model with mixed isotropic and kinematic hardening to represent the strain path change. In addition, a damage model is incorporated to account for strain-controlled damage at the microscale. The main objective of this study is to assess the effect of prior straining on the subsequent development of microplasticity and damage at elevated temperature to provide insights into the understanding of mechanical behaviour with respect to deformation histories. The paper is laid out as follows: Section 2 present the experimental and computational methods. Section 3 and Section 4 present and discuss, respectively, the experimental and modelling results followed by concluding remarks in Section 5.
Experiment and simulation

Material characterisation and in-situ neutron diffraction measurement
The material of interest is an austenitic (faced centerd cubic, FCC) type AISI 316H stainless steel extracted from an ex-service steam header component, supplied by EDF Energy. An electron backscatter diffraction (EBSD) map was acquired to characterise the microstructural morphology of as-received materials using a Hitachi SU-70 Field-Emission Scanning Electron Microscope (SEM), equipped with a Hjelen-type camera. Figure 1 presents a typical EBSD pattern where the contrast colour represents the crystallographic orientation along the surface normal of the sample. The colour key is given in terms of an inverse pole map (inset in Fig. 1 ). The EBSD pattern reveals a somewhat inhomogeneous polycrystalline morphology distributions, with a range of grain size up to a maximum of approx. 400 µm and a weak texture (a near random distribution of grain orientations).
In-situ uniaxial ND tests were carried out at ambient and elevated temperatures using the timeof-flight scanner ENGIN-X at the spallation neutron source, ISIS, UK. A standard tensile specimen with a gauge length of 14 mm and diameter of 8 mm was used. A 50 kN stress-rig was placed horizontally with an angle of 45
• to the incident neutron beam and two detector banks with fixed scattering angles of ±90
• to the incident neutron beam were used, allowing diffraction patterns parallel and perpendicular to the loading axis to be collected simultaneously. Firstly, a compression test was performed on the uniaxial sample at room temperature to a strain of approx. 4%. Subsequently, the specimen was heated in a radiant air furnace to 550
• C followed by an in-situ tensile test at this temperature. Strains were measured at room and elevated temperatures using an Instron dynamic extensometer and a high temperature extensometer, respectively. The test was performed in load control up to a stress of 100 MPa and displacement control, at a constant strain rate of approx. 10
/s at higher stress levels. The time-of-flight diffraction patterns are measured simultaneously for a number of {hkl} reflections. The data acquisition period was approx. 9 minutes with a neutron irradiation gauge volume of 7 mm × 4 mm × 4 mm. Strains were extracted from the shift of recorded diffraction patterns through Rietveld analysis [34] .
Micromechanical crystal plasticity model
A finite element formulation was employed, which accounts for the local crystallographic response within individual grains and the interaction with grain neighborhoods. The kinetics of crystal deformation are represented by a multiplicative decomposition of the deformation gradient, F, [35] ,
where F e and F p denote the elastic and plastic parts of F, respectively. A thermally activated flow rule [36, 37] is employed for the plastic slip ratė
where, T is the absolute temperature, k the Boltzmann constant, B α and S α the slip resistance and the back-stress, respectively, of the slip system, α, and τ α is the resolved shear stress [29] . The material parameters associated with a given slip system are: F 0 , the total free energy required to overcome the lattice resistance; τ 0 , the lattice friction stress at the current temperature; p, q,γ 0 , the exponents and pre-exponential constant. The brackets . define a function that gives x ≡ x for x > 0, and x ≡ 0 for x 0. The evolution of the slip resistance, S α , is governed bẏ
where, h αβ is the hardening matrix (representing the cross hardening properties between the slip systems, α and β) and S sat the saturated slip resistance with initial value S 0 . In the present work, the hardening matrix, h αβ is written as
where h s is a material constant, δ αβ is the Kroneker delta and w represents the latent hardening ratio. 
The above material model is implemented in the commercial finite element code, ABAQUS [40] . Further details of the model's implementation have previously been reported [29, 41] .
Damage model
The accumulated equivalent plastic strain is used to represent localised deformation and is defined as
where t is the current time and D p is plastic strain rate written as
where ⊗ indicates the dyadic product and m α and n α are slip direction and slip plane normal of the slip system, α, respectively.
To account for damage , a strain controlled criterion is employed such that material is damaged when a critical plastic strain, ε c , is reached. We introduce a damage variable, ω, taking a value between 0 (no damage) and 1 (fully damaged). Therefore, the damage criterion is written as
To account for the reduction of load-carrying capacity due to the presence of damage, a modified local elastic stiffness matrix is written as
where C C C 0 represents the elastic stiffness matrix for the undamaged material [29] .
In a finite element model, a sudden change to the value of the damage variable can lead to large variations of local stress state and consequent difficulties in reaching equilibrium. Thus, in place of Eq. (8), a continuously varying ω is assumed using a modified Cauchy-Lorentz cumulative distribution function [46] as
where a nonzero value of d provides a gradual transition from ω = 0 to ω = 1. The width of the transition region is defined by d and in the present work d = 0.1 (see Figure 2) 
Finite element model
To represent the material microstructure, two dimensional Voronoi tessellation [42] is used to construct 1,200 polygonal Voronoi cells. In two dimensions, each cell represents a columnar grain. The Voronoi construction is treated as a representative volume element (RVE), which is discretised by approx. 70,000 eight-node brick elements, with periodic boundary conditions applied. The lattice orientation is represented by three Euler angles. A set of randomly distributed Euler angles is then generated to reflect the weak initial texture of materials as shown in Fig. 1 . Figure 3 presents the Voronoi microstructure used in this work with individual grains distinguished by one of the Euler angles.
In order to compare with in-situ measurements, it is required that, for specific lattice planes, the average elastic strain (comprising grain family contributions to the longitudinal and transverse diffractions) is extracted using the method given in [29] . For austenitic steels the lattice strain evolution for the {200}, {220}, {111}, and {311} planes are examined.
Material parameters
The model was calibrated by fitting to the measured tensile stress-strain data. Table 1 presents the material parameters used in the model. The current framework allows slip interaction (latent hardening) for the slip resistance (Eq. 3) but not the back stress (Eq. 5) which is consistent with the approach in [43] [44] [45] . A latent hardening ratio, w = 2, has been assumed in the present study. As kinematic hardening was not included in the previous study [29] , the hardening parameters h s , h b and r D at room temperature have been recalibrated to match the experimental macroscopic stress strain curve.
Results
Macroscopic stress strain data
The macroscopic stress-strain response is shown in Fig. 4 . The open circles in the figure represent the average load/displacement measurements during the neutron diffraction data acquisition period. As described in section 2.1, the compression part of the cycle was carried out at room temperature while the tensile part was performed at 550
• C. For clarity, the strain measured by the high temperature extensometer has been shifted to the left, to be continuous with the room temperature strain data (thermal strains are removed, and mechanical strains only are presented).
The data from the compression part of the cycle were used to calibrate the material parameters at room temperatures and the data from the tensile part of the cycle were used for high temperature calibrations (see Table 1 ). The polycrystal model (without damage included) captures the overall macroscopic response at room temperature, including the residual plastic strain (which was 3.98% in the model and 3.94% in the experiment). Good agreement is seen between the measurements and simulations at high temperature when prestrain is included.
A simulation of high temperature tension without prestrain was also performed and shown in Fig. 4 (the strain data are shifted to allow direct comparison between the two cases). As expected, due to the effect of cyclic strain hardening, the simulation without prestrain is predicted to have lower flow stress than the case when prestrain is included. Figure 5 presents the longitudinal and transverse lattice (elastic) strains after precompression, as measured by in-situ neutron diffraction, along with the predictions from the finite element model. Experimental uncertainties from the diffraction peak analysis are also included. The measurement can be qualitatively and quantitaively predicted by the model, with both model and experiment indicating significant residual lattice strains in the longitudinal {200} and {220} grain families and in the transverse {200} grain family.
Microscale stress/strain states at room temperature after precompression
To investigate the localised response, the accumulated equivalent plastic strains (Eq. 6) and equivalent von Mises stress are examined. Figure 6 shows the strain and stress distributions following room temperature compression. Although only approx. 4% plastic strain is introduced macroscopically, significant strain localisation can be identified in Fig. 6a with regions of greater than 8% plastic strain (red regions) and regions of less than 3% plastic strain (blue regions). Figure 6b shows the distribution of equivalent von Mises stress in the polycrystal. Furthermore, although the macroscopic stress is zero, the local residual stress can be greater than 400 MPa in certain grains.
Lattice strain evolution at elevated temperature (550
•
C)
The focus of the in-situ experiment is to examine the lattice strain evolution at elevated temperature in the presence of prestrain. Figure 7 shows the stress versus lattice strain response for four of the reflections in the longitudinal direction (represented by subscript 'L' in the figure). The thermal lattice expansion (which is represented by the lattice strain during heating) has been subtracted from the total strain. Thus, only mechanical lattice strains are considered here. With increasing macroscopic stress up to approx. 150 MPa, the data for all four lattice planes show a linear trend, starting from the residual strain values. Note that the values of residual lattice strain at 550
• C are different from these at room temperature ( Figure 6 ) because of the temperature dependence of the elastic constants. When the stress exceeds approx. 150 MPa, a nonlinear response occurs for the {200}, {220} and {111} planes in Figs. 7(a), (b) and (c) . The different trends in the curves at the point of inflection reflect distinct stress localisations in the different grain families due to microplasticity. The forward trend of the {200} case indicate higher increase of local stress in the {200} grain families, while the backward inflections of the {220} and {111} planes reflect lower increases of stress in these grain families. These trends have also been observed in our room temperature studies and have been discussed in detail in [29] . The response of the {311} plane remains linear (Fig. 7d) over the full deformation range.
This feature has been observed in textured materials by other authors, e.g. [5] , and due to the strong linearity of the {311} response, this plane is commonly used as a reference plane to measure residual stress distributions from lattice strain measurements.
Also included in Fig. 7 are the finite element predictions with and without prestrain. Good agreement is found between the model and experimental data when prestrain is included-the nonlinear responses observed for the {200} and {220} reflections in Figs. 7(a) and (b) are predicted with forward and backward inflections, respectively. Figure 8 shows the corresponding stress versus lattice strain in the transverse direction (represented by subscript 'T' in the figure). The nonlinear trends depend strongly on the lattice plane orientation. Of particular interest here is the {200} plane, which exhibits a strong backward inflection once the macroscopic stress exceeds approx. 150 MPa. This indicates an inverse Poisson effect as discussed in [26, 29] . Results of the simulations with and without prestrain are also shown in Fig. 8 . Good agreement between the model and the experiments are seen with the observed inverse Poisson effect captured by the model. The model incorporating prestrain provides an improved representation of the measured lattice strain, particularly for the {200} plane. Figure 9 presents the accumulated equivalent plastic strain for simulations at elevated temperature. Strong heterogeneous distributions are observed such that, at the end of loading, local plastic strain can be at least three times higher than the macroscopic strain. As expected, a strong effect of prestrain can also be seen with higher accumulated plastic strain occurring in the model with prestrain, since prior plastic strain has been introduced during prestraining as shown in Fig. 6. 
Prestrain effect on the microplasticity development
Discussion
Perspectives on prior deformation effects
The objective of the present study is to assess the effect of deformation history on the subsequent mechanical response from the perspective of microplasticity. The residual stress and strain in a prestrained material can affect the subsequent inelastic deformation in three aspects. Firstly, microplasticity strongly depends on stress state as crystallographic slip is governed by resolved shear stress on slip systems. Therefore, the presence of residual stress can modify the subsequent crystallgraphic slip behaviour and alter stress localisation in polycrystals. Secondly, prior plasticity represents dislocation motion, accumulation and interaction (strain hardening) [47, 48] . As a result, a strong effect of prestrain on subsequent inelastic response can be expected with higher levels of accumulated plastic strain, as shown in Fig. 9 . Thirdly, the prestrain may introduce micro-cracks or defects in polycrystals leading to damage, particularly at grain boundaries [49] . This prior damage can consequently affect the subsequent response by reducing the ductility [2] . Accurate physically based microplasticity models can provide insight into these effects and explictly account for each of these three mechanisms, which is not possible with classical, phenomenological plasticity models. To provide confidence in these complex microplasticity models accurate experimental validation is needed. This paper has shown that in-situ lattice strain data from neutron diffraction measurements can identify microplasticity phenomena (e.g. inverse Poisson effect) providing validation of the physically based models.
Damage initiation and development
As noted in [1, 2] , crack growth during creep deformation is influenced by the prior inelastic deformation. In ductile metals, the accumulated equivalent plastic strain is thought to be strongly correlated with damage initiation and development [50] [51] [52] . Thus, introduction of prestrain is expected to alter subsequent damage behaviour in polycrystals. This issue is examined numerically in Fig. 10 . Figure 10a shows the predicted macroscopic stress-strain response at high temperature with and without 4% plastic prestrain introduced at room temperature. The microscale failure strain, ε c , was taken to be 33%, leading to observable damage at the macroscale (reduction in true stress) at a strain level of 8.7% for the prestrained case but no observable macroscopic failure is predicted for the nonprestrained case up to 10% macroscopic strain.
Figures 10(b) and (c) show the damage distributions with and without prestrain, respectively, at a tensile strain of 8.7% (where macroscale failure was predicted for the prestrained case). Significant local damage can be identified in Fig. 10b , with red regions representing the regions which have lost more than 50% load-carrying capability. In Fig. 10c , corresponding to the case without prestrain, microscale damage is negligible at the same level of macroscopic strain. Thus, our simulations confirm that prior deformation in 316H stainless steel can significantly change the damage process in the subsequent high temperature response. Figure 10d shows the enlarged damage distribution in Fig. 10b where the grain boundaries are visible. Though not shown, damage is predicted to initiate at a triple junction and evolves along grain boundaries. Some transgranular damage may also be observed in Fig. 10d , but intergranular damage is seen to dominate the failure response It should be noted that the model assumes the grain boundaries to be perfectly bonded interfaces. However, grain boundary regions in stainless steels typically include microscale vacancies and second phase inclusions, such as carbides. Furthermore, the strong strain gradients near grain boundaries may best be captured through the use of strain gradient plasticity models, accounting for geometrically necessary dislocations, e.g. [41, 53] . Although complex grain boundary features are omitted in the present analysis, damage is found to initiate near grain boundaries, due to the highly localised plastic deformation (Fig. 10d) , which is consistent with physical observations. Further modelling work to examine the effect of grain boundary mediated damage mechanisms and strain gradient plasticity is being undertaken to provide further insights into the high temperature behaviour of high temperature steels.
Conclusions
The main results and findings of this work are summarised as follows, 1. A micromechanical crystal plasticity based finite element model has been developed for 316H stainless steel incorporating an Armstrong-Frederick type phenomenological kinematic hardening law to represent the strain path change. 2. Predicted lattice strain evolution agrees well with the in-situ neutron diffraction data under room temperature compression and subsequent tension at elevated temperature. 3. The analysis indicates that plastic strain history can have a significant impact on subsequent damage initiation and development, controlled by accumulated equivalent plastic strain. ;;
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